potential to ensure energy security through diversification of energy sources and thus providing independence from external political factors [1, 2] .
The chemical composition of raw biogas (Table 1 ) depends strongly on the kinds of substrates used. Biogas consists of two main components: methane (CH 4 ) and carbon dioxide (CO 2 ). Trace quantities of other substances are often present in biogas e.g.: hydrogen sulfide (H 2 S), ammonia (NH 3 ), halogenated volatile organic compounds (VOCs), siloxanes, carbon monoxide (CO), oxygen (O 2 ), and water (H 2 O) [12] . Among all the biogas components other than methane, CO 2 and H 2 S are highly undesirable in combustion systems [13] . CO 2 , the non-combustible compound, decreases the calorific value of the biogas but, on the other hand, is not toxic. In contrast, H 2 S is poisonous when inhaled. Moreover, a high concentration of H 2 S causes corrosion of the metallic parts of compressors, gas storage tanks, and engines, especially when water is present in biogas, resulting in extra costs of infrastructure maintenance [12, 14] . The removal of those contaminants is essential before any eventual utilization of biogas.
The typical biogas treatment process consists of two general steps [12] : 1. Cleaning, in which the harmful (i.e. corrosive and toxic) trace components are removed 2. Upgrading, in which CO 2 content is regulated to adjust the calorific value and energetic density of the biogas to an optimal level The final product of biogas treatment (often referred to as "biomethane") contains about 95-97% CH 4 and 1-3% CO 2 , and is practically H 2 S-free [12] .
Several techniques for biogas treatment have been developed in recent years. The main differences between them relate to the nature of the operation (i.e. chemical, physical, and biological), operational conditions, efficiency, complexity of the involved infrastructure, investment and maintenance costs, etc. An overview of the currently available and used methods for H 2 S and CO 2 removal, based on Ryckebosch et al. [12] , is given in Table 2 . Further details, including reaction mechanisms, are widely available in the literature [12] [13] [14] [15] [16] .
Although certain methods of biogas treatment have been successfully implemented in the industry, their optimization is still needed to achieve the desired efficiency of the process [17] . Furthermore, there is no doubt that new methods will be developed and investigated in the future.
In order to accelerate these research efforts, laboratoryscale testing apparatus and analytical equipment need to be provided. First of all, simple and low-cost solutions are preferred.
This work deals with the construction and examination of a laboratory-scale test stand for quick evaluation of the technologies for H 2 S and CO 2 removal from biogas. Presented studies had preliminary character, with the emphasis on the analysis of operating conditions of the test stand rather than accurate assessment of reactant efficiency.
Experimental Procedures

Apparatus
All experiments were performed with the use of a laboratory-scale test stand for biogas treatment (Fig. 1) developed in the Automotive Industry Institute. The test stand consists of two main sections: one based on absorption in liquid phase (barbotage process) and the other adsorption in a bed of solid reagent. These sections can be connected in two ways: in parallel or in series. Raw biogas is fed from a high-pressure cylinder. Its rate of flow is measured and regulated to a desired value with a Rotametr ROS-06 variable area flowmeter equipped with a flow control valve. After passing through the sections, treated biogas is analyzed with a GasData GFM 416 biogas analyzer and then released into the atmosphere. The barbotage section of the biogas treatment test stand is shown in Fig. 2 . The glass container of 1 dm 3 capacity filled with 0.5 dm 3 of liquid reagent is its key component. The container is sealed with rubber cap and restricting plastic bands to protect it from being opened due to increasing gas pressure. Two openings for biogas transferring tubes (inlet and outlet) are made in the cap. Raw biogas is fed through the inlet tube to the bubbler placed in the liquid reagent, and then, after passing through the liquid, discharged from the system through the outlet tube. A sample of the treated gas is taken and its composition is analyzed.
The section for adsorption in a bed of solid reagent is shown in Fig. 3 . Raw biogas is passed through a bed placed in a glass column of 56 mm diameter and 230 mm height. The height of the bed can be changed for each test. In order to ensure uniform distribution of biogas throughout the bed, and to prevent the inlet pipe from being clogged up by adsorbent particles, the bottom of the column is filled with glass beads. Next, treated biogas is passed through a filtration unit made of a glass column with synthetic wool as the filtration material. Finally, it is discharged from the system while the sampling tube takes the sample to the biogas composition analyzer.
The developed test stand allows carrying out a wide range of experiments by connecting each individual section with different configurations. The number of sections of each type applied simultaneously (in parallel or in series) could be varied as required by the experimental procedure. 1 -biogas inlet tube, 2 -glass beads, 3 -adsorbent bed, 4 -glass column, 5 -rubber cap, 6 -glass pipe, 7 -connecting tube, 8 -rubber cap, 9 -glass column, 10 -filter material, 11 -connecting tube, 12 -biogas outlet tube (to gas analyzer), 13 -glass tee, 14 -biogas outlet tube (to the atmosphere).
Raw biogas Threated biogas
To the atmosphere To the atmosphere Lasocki J., et al.
Materials
Seven different substances were used as chemical reagents to demonstrate the functionality of the experimental apparatus and its ability to absorb CO 2 and H 2 S (Table  3) .
Biogas received from a biological process has a tendency to stratify in the storage tanks. On that account, to ensure the stable composition of the tested biogas -and therefore the comparability of the results obtained with the use of different methods and different chemical reagents -all experiments were carried out using a reference gas mixture ("synthetic biogas"). The gas mixture consisted of 55% CH 4 , 44.5% CO 2 , and 5,000 ppm H 2 S.
Test Procedure
In the research work presented in this paper, each section of the biogas treatment test stand (barbotage, adsorption in a bed of solid reagent) was examined separately, i.e. the biogas was not passed through both sections at the same time. The single-stage test procedure involved passing the biogas through one of the sections for 30 min. Every 5 min the composition of treated biogas was analyzed by measuring the concentrations of CH 4 , CO 2 , and H 2 S at the outlet stream. Tests were performed at room temperature. Biogas flow was set at 20 dm 3 /h.
Results and Discussion
Biogas Treatment Using Absorption with Barbotage
Composition of biogas downstream of the barbotage section after 10 min of operation is shown in Table 4 . It was observed that both NaOH and EA reagents removed comparatively high levels of H 2 S and CO 2 , resulting in CH 4 -enriched biogas. DEA completely absorbed H 2 S and partially CO 2 . EG and H 2 O reduced H 2 S concentration at the outlet stream by half, but failed to remove CO 2 . However, the process was time-dependent as gaseous concentrations of H 2 S and CO 2 started to evolve in the outlet stream after a certain time (Fig. 4) . In most cases, at the beginning of the process liquid solvents reacted rapidly and the concentrations of H 2 S and CO 2 in the outlet streams were significantly lower than in the inlet streams. As the absorption Biogas Treatment Using Adsorption in a Bed of Solid Reagent Table 5 shows the effects of biogas treatment using adsorption in beds of BIO and AC after 10 min of operation. The results indicated high removal efficiency of both substances (in particular AC) towards H 2 S and poor towards CO 2 . Higher concentrations of CO 2 at the outlet of the adsorption column compared to its inlet value might be related to actual dynamic properties of the gas stream. H 2 S concentration variations during the adsorption process showed a similar trend as observed during absorption by barbotage: low value at the beginning and increasing values with time (Fig. 5) . CO 2 concentration levels were rather stable throughout the experiments, with the exception of tests with AC, which initially showed the ability to reduce CO 2 concentration to about 20-45% of the original value, depending on bed height. The influence of bed height (reagent mass) was observed only in the case of H 2 S. For BIO, the H 2 S reduction rate was almost proportional to bed height, while for AC any similar relationship was not observed during test duration. 
Discussion
It should be noted that the experimental work presented in this paper is of mainly preliminary character and is aimed at demonstrating the functionality of the test stand and its ability to absorb CO 2 and H 2 S rather than examining its operation over a long period of time. It is, however, possible to generate CH 4 -enriched biogas for a prolonged period using a proper combination of both sections of the test stand, i.e. barbotage and bed adsorption column, and most of the tested reagents. Further work may be required to prove this possibility.
Another aspect to consider in the continuation of the present study should be the examination of a wider range of concentrations of reagents (or heights of adsorption column), with special attention paid to amines. Several different biogas flow rates should be taken into account and its influence on the process investigated. Finally, a scale-up of the biogas treatment process, with the most efficient reagents and optimum values of the process parameters, is needed to achieve a desirable level of efficiency.
The main problem of the test stand seems to be maintaining a high and stable absorption/adsorption rate of the reagents. Even though the process often started rapidly, resulting in low concentrations of CO 2 and H 2 S, in most cases this state eventually changed and the concentrations increased. One of the ways to deal with this problem may be a simple increase of the reagents volume, according to the needs of the process. Another solution to consider is frequent recurring replacement of the reagent [13] , but this would require interruption of the process or modification of the construction of the test stand sections.
Although amines have high H 2 S-and CO 2 -absorbing efficiencies, their cost is relatively high. However, saturated reagents can be regenerated [14] , and depending on the size of the application they could become economically more attractive than other absorbers [14] . Therefore, some limited attempts were made (but not yet published) to examine the regeneration of amines. The obtained results allow considering this as a promising step toward further research works involving setting up a regeneration system for amine absorbent and evaluation of its long-term performance.
Economic aspects of the biogas treatment process were not considered in the present work. Notwithstanding, the emphasis was on the low cost and simplicity of the construction of the test stand for laboratory use.
Conclusions
Biogas from waste and renewable resources appears to be a promising answer to the environmental and energy problems of the world, as it can be used for replacement of fossil fuels in heat and power generation as well as in transport [18] . The conversion of wastes into biogas is not only an effective way to recover energy from the waste, but also allows reduction of odors, increase of nutrient availability, and reduction of pathogen content [19, 20] . Among the reasons why this conversion process has not yet become common is the poor quality of raw biogas and the high maintenance requirements of systems in which it is used [12, 14] . Treating biogas by removing H 2 S and CO 2 would solve both of these issues.
The results obtained from the laboratory-scale biogas treatment carried out within this study confirmed the technical feasibility and effectiveness of the developed test stand. Both sections, i.e. absorption barbotage reactor and adsorption column, proved to be an effective technique for removing H 2 S and CO 2 if proper reagents are used. 
Aqueous solutions of NaOH, EA, DEA, and EG, as well as H 2 O, were used in the barbotage section of the test stand. In terms of practical application, the first three chemical compounds were suitable absorbents while the last two, by contrast, did not meet expectations. The performance of the single-stage absorption tests using either 1M NaOH solution or 100% EA, under specific experimental conditions, provided basically the same results: complete removal of H 2 S and CO 2 . For 100% DEA, high H 2 S and moderate CO 2 absorption efficiency were achieved. EG and H 2 O allowed the removal of H 2 S only to a very limited extent. Looking at the results obtained from the tests with adsorption in a column, it can be noted that both reagents, BIO and AC, were able to eliminate H 2 S from biogas, but practically did not change the concentration of CO 2 .
The main aims of the study appear to have been achieved as a simple, low-cost test stand for laboratory use was developed and its ability to upgrade biogas quality was successfully proven. Comprehensive assessment of the absorption or adsorption performance of the considered reagents, widely discussed in literature [13] [14] [15] [21] [22] [23] [24] , did not fall within the scope of this study. This context should be borne in mind when considering the presented test results.
Above all, absorption and adsorption trends for the reagents used in experiments may be worth exploring further due to their tendency to decline with time. A larger number of measurement points (more frequent concentration measurements) and statistical analysis should be included. Additional experimental results are required to provide the basis for test stand design optimization, as well as subsequent upscaling.
The next phase of experimental work could involve evaluation of the biogas cleaning effect obtainable with the use of different substances over a wider concentrations range, including microorganisms typical to biological methods of biogas treatment. It would also be advantageous to set up an integrated regeneration step for amine absorbent as well as to evaluate its long-term performance. Finally, cost analysis of the process, leading to an increase in its efficiency, could be performed.
